Abstract. The effects of treatment with vitamin D, calcium, or lactose on the responsiveness of vitamin D-deficient rats to parathyroid hormone were compared. In the absence of vitamin D, parenteral calcium or dietary lactose administration resulted in increases in serum calcium concentration although not to the normal values obtained in animals given vitamin D. Dietary lactose also partially restored the low bone calcium content of vitamin D-deficient rats. Untreated vitamin D-deficient rats showed no significant changes in serum calcium concentration after parathyroidectomy or parathyroid extract administration. Vitamin D, lactose, and calcium all restored responsiveness to parathyroid hormone; serum calcium concentration decreased after parathyroidectomy and showed a dose-related increase in response to parathyroid extract. Hence, the unresponsiveness to parathyroid hormone in vitamin D deficiency may be due to a lack of calcium at a local site of action, presumably bone, rather than to cofactor.
Introduction
The observation that hypocalcemia can develop in vitamin D-deficient rats despite parathyroid hyperplasia has led to several studies of the relation between vitamin D and parathyroid hormone action. Harrison, Harrison, and Park (2) observed that the administration of parathyroid extract (PTE) to vitamin D-deficient, hypocalcemic rats at doses which were effective in normal animals resulted in little or no increase in serum calcium concentration. Rasmussen and coworkers (3) the absence of vitamin D as a specific confirmed this finding and demonstrated that the already low serum calcium concentration in vitamin D-deficient rats did not decrease further after parathyroidectomy. On the other hand, the usual increase in serum phosphate concentration after parathyroidectomy persisted in these rats. Previously we found that the parathyroid glands of these hypocalcemic, vitamin D-deficient animals were not only enlarged but showed increased function and were able to secrete an active hormone in tissue culture (4) . Thus, it appears that the ability of parathyroid hormone (PTH) to increase serum calcium concentration is lost in these rats because the target organ, presumably bone, is unresponsive. Rasmussen and coworkers have suggested that this unresponsiveness is due to the requirement of vitamin D as a cofactor for calcium transport by parathyroid-stimulated bone cells (3, 5, 6) . This concept was originally based on the finding that mitochondria isolated from vitamin D-deficient animals could respond to parathyroid hormone by accelerated release of calcium only after in vivo restoration of vitamin D, In con- 1 Chemical analysis. Serum calcium and inorganic phosphorus concentrations were estimated by previously described methods (9) . Determinations of bone ash and calcium content were based on the method of Mulryan, Neuman, Neuman, and Toribara (10) . To determine whether the effects of lactose might be due to contamination with vitamin D, we extracted with dichloromethane 100-200-g aliquots of lactose used in the vitamin D-deficient, lactose diet. This lipid extract was dried under nitrogen and examined for the presence of vitamin D either by chemical analysis1 or by bioassay. For bioassay, dried lipid extract was dissolved in sesame oil and administered orally to hypocalcemic, vitamin D-deficient rats. Each rat received a dose which represented an extract of the amount of lactose fed in 7 days on the vitamin D-deficient, lactose diet. The effect on serum calcium concentration 3 and 7 days after administration of the extract was compared with that of animals given small doses of vitamin D or control animals given only sesame oil.
The data are presented as the mean ± SE and as significance of differences between groups by Student's t test.
Results
Rats on the vitamin D-deficient diet did not grow as well as animals treated with vitamin D and developed marked hypocalcemia with a normal serum phosphorus concentration. These changes were regarded by Steenbock and Herting (12) as criteria for vitamin D deficiency for rats on similar diets. Lactose-fed, vitamin D-deficient rats maintained normal serum calcium concentrations but did not grow as well as vitamin D-treated rats (Table I ). The mean body weight for all lactosefed, vitamin D-deficient rats (n = 32) was 161 ± 2.5 g and this was significantly greater than the mean value for untreated, vitamin D-.deficient rats (n = 25) of 151 + 3.8 g (P <.0.05). Parenteral calcium treatment of vitamin D-deficient rats for 1 Chemical assays for vitamin D were kindly carried out by Dr. Philip S. Chen who used the method developed in his laboratory (11) . Values are mean ± SE, mg/100 ml, 5 hr after parathyroidectomy for groups of 3 to 5 rats. PTE given subcutaneously at time of parathyroidectomy. 0 PTE rats given 0.9% saline with 1.6% glycerol and 0.2% phenol solution.
* Significant difference from 0 PTE values, P < 0.05. $ Significant difference from 0 PTE values, P < 0.01. tration 5 hr later is determined. Table III shows the results of such an assay for doses of 10 or 40 U of PTE per rat. Both lactose-treated and vitamin D-treated animals showed a significant response, whereas vitamin D-deficient animals did not show a response in serum calcium concentration but did show a decrease in phosphorus concentration. Vitamin D-treated rats also showed a decrease in serum phosphorus concentration at the higher dose level of PTE. 2) To be certain (a) that the animals were successfully parathyroidectomized before PTE administration, (b) that high circulating levels of endogenous parathyroid hormone would have disappeared, and also (c) that differences in body weight among the treatment groups are taken into account, we performed another series of PTE assays in the following manner. Blood samples were taken 5 hr after parathyroidectomy and PTE was given in doses based on body weight. Blood samples were taken again 5 hr later. Animals which did not show a significant fall in serum calcium concentration after parathyroidectomy were discarded. As seen in Fig. 1 , the responses to doses of 5, 20, or 80 U of PTE per 100 g of body weight in lactose-treated and in vitamin D-treated rats were quite similar. In contrast, doses of 80 U or even 160 U of PTE per 100 g of body weight had no effect on serum calcium concentration in the vitamin D-deficient animals. The response in rats treated with parenteral calcium was intermediate. Serum calcium concentrations before and after parathyroidectomy were lower than those for lactose-treated or vitamin D-treated animals;
2The half-life of PTH has been estimated in normal -rats at less than 30 min (14) . Unless chemical assay method could detect 0.1-1 yxg or 4-40 U of vitamin D on the final thin layer chromatograms. In two separate experiments an extract of the amount of lactose equivalent to 5 days intake for one rat showed no visible spot. Nevertheless, the sensitivity of vitamin D-deficient animals to vitamin D is so great that this did not rule out the possibility of biological activity in the extracts. Therefore, vitamin D-deficient rats were given the extract prepared from an amount of lactose equivalent to 7 days' intake and the response was compared to that obtained with small amounts of vitamin D (Table IV) . Feeding of this amount of lactose had previously been found to raise the serum calcium concentration of vitamin D-deficient rats (4) . The ability to recover added vitamin D by this extraction procedure was also tested. As shown in Table IV , lactose extract had no effect on serum calcium concentration while 2 U of vitamin D increased serum calcium significantly and 5 U had the same effect whether given directly or added to lactose and recovered in the lipid extract.
Discussion
Although the observation that vitamin D-deficient animals may be unresponsive to parathyroid hormone has been made by a number of workers (2, 3, 15) there are conflicting reports indicating that parathyroid hormone and parathyroidectomy have appropriate effects in vitamin D-deficient rats (16) , mice (17) , and dogs (18) . A possible objection has been that there may be trace amounts of vitamin D remaining in the responsive animals. In our studies parathyroid hormone-unresponsive hypocalcemia was demonstrated and responsiveness could be restored by repeated injections of calcium chloride, or by administering dietary lactose which presumably increased calcium absorption (19) . Although the mechanism whereby dietary lactose improves calcium absorption in D-deficient animals is not known, Lengemann, Wasserman, and Comar (20) have shown a rapid direct effect of lactose on 45Ca and 89Sr transport by isolated intestinal segments in rachitic rats, an effect which is not obtained by direct addition of vitamin D. In our own study, the possibility that lactose could act because of contamination with vitamin D was ruled out by assay of the lactose used in the diets. The restoration of parathyroid responsiveness with lactose feeding is not necessarily due to a restoration of responsiveness of bone to the hormone, since it is possible that lactose would increase the sensitivity of the gut to the effects of parathyroid hormone. Hence PTE would stimulate absorption of calcium and parathyroidectomy would decrease absorption, resulting in the observed changes in serum calcium concentration. For this reason, the ability to restore parathyroid hormone responsiveness with parenteral injections of calcium alone was tested. These injections were maintained for only 10 days and though the restoration of parathyroid hormone responsiveness was incomplete, the results nevertheless indicate that an increase in the amount of calcium available in tissue, probably bone, was the major determinant of the ability of parathyroid hormone to raise serum calcium concentration. Bone ash and calcium content in lactose-fed rats were slightly higher than those in vitamin D-deficient rats, but those in calcium-injected rats were not significantly different. A relatively small amount of calcium was injected and this calcium was not given with phosphorus so that its deposition in bone may have been limited. If only a small amount of the administered calcium was retained, it is likely that this would be deposited at the surface of bone in areas of poorly mineralized osteoid. Engfeldt, Hjertquist, Solheim, and Vejlens (21) 
